We have cloned a new gene locus that comprises three genes concerned with the biosynthesis of the serotype c-specific polysaccharide antigen in Streptococcus mutans. The genes encode proteins exhibiting significant homology to the rfbA, rfbB, and rfbD gene products that are involved in the anabolism of dTDP-L-rhamnose from D-glucose-1-phosphate. This anabolism pathway pertains to biosynthesis of the O antigen of lipopolysaccharide in gram-negative bacteria. The cell extract of Escherichia coli expressing each of the cloned genes of S. mutans exhibited enzymatic activity corresponding to the homologous counterpart of the rfb gene products. Rhamnose was not detected in the cell wall preparation purified from the mutant in which each of the three cloned genes was insertionally inactivated. Rabbit antiserum against S. mutans serotype c-specific antigen did not react with the autoclaved extracts from these mutants. These results indicate that the gene products identified in the present study are involved in the dTDP-L-rhamnose synthesis pathway and that the pathway relates to the biosynthesis of the serotype-specific polysaccharide antigen of S. mutans. Southern hybridization analysis revealed that genes homologous to the cloned genes involved in the dTDP-L-rhamnose synthesis pathway were widely distributed in a variety of streptococci. This is the first report of the biological function of the dTDP-rhamnose pathway in streptococci.
VIU206 was obtained from the Department of Veterinary Public Health, Faculty of Agriculture, University of Tokyo.
Strains of S. mutans and E. coli were maintained and grown routinely as described previously (54) . Antibiotics were used at the following concentrations: 150 g of erythromycin per ml or 50 g of ampicillin per ml for E. coli; 10 g of erythromycin per ml for S. mutans. Bacillus species, Salmonella typhimurium, and Shigella flexneri were grown aerobically in Luria-Bertani medium at 37ЊC. C. bifermentans and P. gingivalis were grown anaerobically in GAM broth (Nissui Medical Co., Tokyo, Japan) at 37ЊC. A. actinomycetemcomitans was grown in Todd-Hewitt broth (Difco Laboratories, Detroit, Mich.) supplemented with 1% (wt/vol) yeast extract at 37ЊC in a 5% CO 2 atmosphere. Streptococcus species, Enterococcus faecalis, and Eubacterium limosum were grown anaerobically in brain heart infusion broth (Difco) at 37ЊC. Staphylococcus species, Micrococcus species, Lactobacillus casei, Mycobacterium smegmatis, and Listeria monocytogenes were grown aerobically in brain heart infusion broth at 37ЊC.
DNA manipulations. Standard DNA recombinant procedures such as DNA isolation, endonuclease restriction, and ligation were carried out as described by Sambrook et al. (44) . DNA fragments were routinely analyzed on 0.8 or 2.0% agarose (SEAKEM GTG agarose; FMC BioProducts, Rockland, Maine) gels. Transformation of S. mutans was carried out by the method of Perry et al. (37) . E. coli transformation was routinely carried out by the calcium chloride procedure (10) or by use of electroporation with a Gene Pulser apparatus (Bio-Rad Laboratories, Richmond, Calif.) (7) . Chromosomal DNA of all the bacteria used in this study except for Mycobacterium smegmatis was prepared as described previously (37) . Chromosomal DNA of Mycobacterium smegmatis was prepared by the method of Imai et al. (14) .
DNA sequence analysis. Plasmid vector pBluescriptII KS ϩ (Stratagene, La Jolla, Calif.) was used for DNA sequencing. A series of deleted plasmid clones was constructed, essentially as described by Henikoff (11) . The nucleotide sequences were determined by the dideoxy chain termination method (45) with a Taq Dye Primer Cycle Sequencing Core Kit (Applied Biosystems, Inc., Foster City, Calif.) and a model 373 STRETCH automated sequencer (Applied Biosystems). The nucleotide sequence was assembled with the DNASIS sequence analysis program (Hitachi Software Engineering Co., Yokohama, Japan). Database searching was performed with the FASTA program (24) of the DDBJ electronic-mail server in the National Institute of Genetics, Mishima, Japan. Multiple alignments of the amino acid sequences were generated with the CLUSTAL V program (13) .
Southern blot analysis. Southern blot analysis was performed with digoxigenin (DIG)-labeled PCR probes by use of a nonradioactive DIG DNA labeling and detection kit (Boehringer GmbH, Mannheim, Germany) as described in the instructions of the supplier.
To confirm appropriate insertional inactivation of the rml genes and flanking genes, probe 1 and probe 2 (see Fig. 1 ) were amplified with the deleted plasmids which contain the appropriate insert fragment as templates and with the Ϫ21M13 primer (5Ј-TGTAAAACGACGGCCAGT-3Ј) and the M13RP primer (5Ј-CAGGAAACAGCTATGACC-3Ј). To detect the genes homologous to the rml genes of S. mutans ( Fig. 1 ) and the rfbA gene of Shigella flexneri (40) , the following sets of primers and appropriate plasmids were used for amplification of PCR probes: for the rmlA gene probe, 5Ј-AAGGGAATTATTCTTGCGGG-3Ј (complementary to positions 2795 to 2814) and 5Ј-GCTTCTCCAATCAAACG GAGC-3Ј (complementary to positions 3657 to 3637) as primers and pMR1 as a template; for the rmlB gene probe, 5Ј-CGTTACCGGTGGCGCTGGAT-3Ј (complementary to positions 4911 to 4930) and 5Ј-GGCATAGTTGGCTTCGA CTGC-3Ј (complementary to positions 5910 to 5889) as primers and pMR2 as a template; for the rmlC gene probe, 5Ј-GGCAAGGAATTAGCAGCATGC-3Ј (complementary to positions 3684 to 3704) and 5Ј-CATCTTTGAGCAATGGG TGGT-3Ј (complementary to positions 4230 to 4210) as primers and pMR3 as a template; for the rfbA gene probe, 5Ј-ATTCTGGCTGGTGGTTCCGGC-3Ј and 5Ј-CAGCAGATACTGACCATAAGC-3Ј as primers and pSBA85 (40) as a template.
Preparation of crude enzyme extracts. E. coli S874 containing each of the cloned genes or pBluescriptII KS ϩ was grown in Luria-Bertani broth containing 50 g of ampicillin per ml and 5 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) at 37ЊC until an optical density at 550 nm (OD 550 ) of about 1.0 was attained. The cells were harvested by centrifugation at 10,000 ϫ g for 20 min at 4ЊC, washed twice with ice-cold 50 mM Tris-HCl buffer (pH 7.0) containing 10 mM MgCl 2 and 1 mM EDTA (buffer A), and resuspended with buffer A (1 g [wet weight]/ml). The cell suspension was sonicated on ice at 30% pulsed power eight times for 15 s with a sonicator (Cell Disrupter model W-225R; Heat Systems, Inc., Farmingdale, N.Y.). The cell extract was centrifuged at 18,000 ϫ g for 30 min at 4ЊC, and the supernatant was passed through a Sephadex G-25 prepacked PD10 column (Pharmacia LKB Biotechnology, Uppsala, Sweden) with 20 mM Tris-HCl buffer (pH 8.0) containing 1 mM MgCl 2 and 22% (vol/vol) glycerol as the eluent. The protein fraction was collected, and glycerol was added to a final concentration of 50%. The resultant crude enzyme extract was stored at Ϫ20ЊC until used.
Enzymatic analysis. The glucose-1-phosphate thymidylyltransferase activity was determined by measuring the conversion of dTTP to dTDP-D-glucose by high-pressure liquid chromatography (HPLC) as described by the method of Lindquist et al. (20) but with minor modifications. The reaction mixture (300 l), containing 50 mM Tris-HCl (pH 8.0), 12 mM MgCl 2 , 24 mM ␣-D-glucose-1-phosphate, 6 mM dTTP, 1.8 U of inorganic pyrophosphatase (Boehringer), and an appropriate amount of the crude enzyme extract, was incubated at 37ЊC. Aliquots (30 l) of the reaction mixture were withdrawn at timed intervals of up to 20 min. The aliquot was immediately mixed with 1.0 ml of 50 mM potassium phosphate (pH 3.0) to stop the reaction, and the diluted solutions were stored at 4ЊC until HPLC analysis. Samples (100 l) were analyzed by HPLC with a TSKgel QAE-2SW column (0.46 by 25 cm; Tosoh, Tokyo, Japan) at a flow rate of 1.0 ml/min at 30ЊC. The chromatogram was developed with a linear gradient of 50 to 600 mM potassium phosphate (pH 4.0; 20 ml), and the A 254 of the effluent was monitored. One unit of the enzyme activity is defined as the amount catalyzing the synthesis of 1 mol of dTDP-D-glucose per min.
The dTDP-D-glucose 4,6-dehydratase activity was assayed as described by Okazaki et al. (35) . The reaction mixture (300 l), containing 50 mM Tris-HCl (pH 7.6), 4 mM dTDP-D-glucose (Sigma Chemical Co., St. Louis, Mo.), and an appropriate amount of the crude enzyme extract, was incubated at 37ЊC. Aliquots (50 l) of the reaction mixture were withdrawn at timed intervals of up to 20 min and mixed with 750 l of 100 mM NaOH. The mixed solution was reincubated at 37ЊC for 20 min, and the OD 320 of the solutions was measured. One unit of the enzyme activity is defined as the amount of the enzyme that produces 1 mol of dTDP-4-keto-6-deoxy-D-glucose per min. The amount of dTDP-4-keto-6-deoxy-D-glucose was calculated by assuming a molar absorption coefficient (ε 320 ) of 4.6 cm 2 /mol. Overall activity to produce dTDP-L-rhamnose from dTDP-4-keto-6-deoxy-Dglucose was determined by the method of Melo and Glaser (28) . dTDP-4-keto-6-deoxy-D-glucose as a substrate was prepared from dTDP-D-glucose with the crude enzyme preparation of E. coli S874 expressing the rfbB gene of Shigella flexneri 2a (KD202; Table 2 ). The reaction mixture (500 l), which contained 50 mM Tris-HCl (pH 7.0), 4 mM dTDP-4-keto-6-deoxy-D-glucose, 25 mM NADPH, and the appropriate amount of enzyme preparation, was incubated at 37ЊC. Aliquots (50 l) of the reaction mixture were withdrawn at timed intervals of up to 20 min, and the aliquots were mixed with 1 ml of MilliQ water. The decrease in the OD 340 of the solution was measured. The rate of oxidation of NADPH was calculated by assuming a molar absorption coefficient (ε 340 ) of 6.2 cm 2 /mol. Control measurement was carried out in the same manner except for the omission of the substrate. The difference in the oxidation rate between the sample and control was expressed as a unit of the enzymes, which is defined as micromoles of NADPH oxidized per minute.
To complement the spectrophotometric assay, the reaction mixture was also analyzed by HPLC to determine the true conversion of dTDP-D-glucose to dTDP-L-rhamnose. The reaction mixture (500 l), which contained 50 mM Tris-HCl (pH 7.6), 4 mM dTDP-D-glucose, 4.5 mM NADPH, and appropriate amounts of the enzyme preparations, was incubated at 37ЊC, and aliquots (50 l) were withdrawn at timed intervals of up to 60 min. The aliquot was added to 450 l of 25 mM potassium phosphate (pH 3.0) to stop the reaction. The solution was centrifuged at 18,000 ϫ g for 10 min, and 30 l of the supernatant was mixed with the same volume of 0.1 M HCl. The mixed solution was heated at 80ЊC for 1 h to hydrolyze the reaction products. Sugar components in the hydrolyzed solution were coupled with 2-aminopyridine, and the pyridylamino sugars were analyzed by HPLC with an anion-exchange column as described by Suzuki et al. (52) . After the hydrolyzed solution had been dried at 50ЊC, 10 l of a coupling reagent (0.67 g of 2-aminopyridine per ml in acetic acid) was added. The suspension was heated at 90ЊC for 20 min, the excess reagents were removed by evaporating, and then 10 l of a reducing reagent (60 mg of borane-dimethylamine complex per ml in acetic acid) was added. The mixture was reduced at 90ЊC for 35 min and dried under a stream of nitrogen gas at 50ЊC for 10 min. The dried sample was dissolved in 1 ml of distilled water, and 5 l of the solution was analyzed by HPLC with a PALPAK type A column (Takara Shuzo Co., Shiga, Japan). D-Glucose and L-rhamnose were also coupled with 2-aminopyridine as described above, and the resultant pyridylamino D-glucose and pyridylamino L-rhamnose were used as standards. The buffer used was a mixture of 0.7 M boric acid (pH 9.0) and acetonitrile (9:1). The flow rate was 0.3 ml/min, and the column was operated at 65ЊC. An excitation wavelength of 310 nm and an emission wavelength of 380 nm were used to detect the pyridylamino sugars.
The conversion of dTTP and D-glucose-1-phosphate to dTDP-L-rhamnose was also determined by the HPLC assay in the reaction mixture (200 l), which contained 50 mM Tris-HCl (pH 8.0), 24 mM ␣-D-glucose-1-phosphate, 6 mM dTTP, 4.5 mM NADPH, and 12 mM MgCl 2 , as described above.
Immunological methods. The lyophilized cell suspensions (100 mg/ml) of S. mutans strains in phosphate-buffered saline (10 mM; pH 6.8) were autoclaved at 121ЊC for 30 min. After being autoclaved, the suspensions were centrifuged at 10,000 ϫ g for 20 min, and the supernatants were collected and used as RantzRandall extracts (41) . The serotype c antigen was extracted with 5% trichloroacetic acid from a cell wall preparation of S. mutans MT8148. The extracted serotype antigen was purified by chromatography on DEAE-Sephadex 25A and Sephacryl S-300 columns as described previously (21) . Rabbit antisera against whole cells of strain MT8148 (serotype c) were kindly provided by T. Ooshima, Osaka University Faculty of Dentistry, Osaka, Japan, and S. Alaluusua, University of Helsinki, Helsinki, Finland. These antisera were adsorbed with whole cells of S. mutans MT703 (serotype e). Immunodiffusion was performed in 1% (wt/ vol) Noble agar in saline (36) .
Cell wall purification. Bacterial cells were grown overnight at 37ЊC in brain heart infusion broth (Difco Laboratories), collected by centrifugation, washed three times with distilled water, and lyophilized. The lyophilized whole cells (2 g) were resuspended in 50 ml of cold distilled water, transferred to a chilled 70-ml glass bottle containing 50 g of 0.17-to 0.18-mm-diameter glass beads, and disrupted with a Braun tissue homogenizer (B. Braun Appatatebau, Melsungen, Germany). Disrupted cells were separated from the glass beads by decantation, and the cell walls were obtained by centrifugation at 8,000 ϫ g for 30 min. The crude cell walls were treated with RNase (10 g/ml) and DNase (10 g/ml) at 37ЊC for 2 h and with pronase E (100 g/ml) at 37ЊC for 24 h. After being washed three times with distilled water, the cell wall preparations were treated with trypsin (100 g/ml) at 37ЊC for 2 h. The purified cell walls were collected by centrifugation at 8,000 ϫ g for 30 min, washed three times with distilled water, and lyophilized.
Sugar analysis of the purified cell wall preparation. Component sugars in the purified cell wall preparations were analyzed by HPLC with fluorescence labeling. The lyophilized cell wall preparation (2 mg) was resuspended in 1 ml of distilled water, and 40 l of 5 M trifluoroacetic acid was added to 10 l of the suspension. The mixture was heated at 100ЊC for 3 h and dried at 50ЊC. Free amino groups were acetylated by adding 50 l of a mixture of pyridine-methanol-water (3:6:2) and 2 l of acetic anhydride. The solution was left standing for 30 min at room temperature and dried at 35ЊC. Pyridylamination of the sugar components and HPLC detection of the pyridylamino sugars were carried out in the same manner as that of the enzymatic assay for the conversion of dTDP-Dglucose to dTDP-L-rhamnose described above, except that the elution buffer was a mixture of 0.7 M boric acid (pH 9.0) and acetonitrile (9.5:0.5). The total hexose content in the purified cell wall preparation was quantified by the anthronesulfuric acid method (30) , and the hexosamine content in the purified cell wall preparation was determined by the colorimetric method of Strominger et al. (51) .
Nucleotide sequence accession number. The 7,836-bp nucleotide sequence presented in this paper has been submitted to the EMBL/GenBank/DDBJ data bank under accession number D78182.
RESULTS
Cloning and nucleotide sequencing of the S. mutans rml locus. We have previously presented a NotI restriction map of the S. mutans genome (34) . We are presently conducting a more detailed survey of the physical map by using various clones selected from an S. mutans Xc genomic library constructed with complete Sau3AI digests as probes. To identify the genes locating on the insert fragments of the clones, fragments of the genomic library were randomly sequenced and database searching was carried out. In the course of this study, a plasmid was found to contain an insert fragment highly homologous to a part of the rfbA gene of Salmonella typhimurium (15, 42) , Shigella flexneri (25, 40) , Xanthomonas campestris (19) , and other gram-negative bacteria. The rfbA gene encodes glucose-1-phosphate thymydylyltransferase, catalyzing the first step of the dTDP-rhamnose synthesis pathway involved in the production of the O antigen of lipopolysaccharide in gramnegative bacteria. The plasmid containing the 0.8-kb Sau3AI insert fragment homologous to the rfbA gene was designated pYT1.
To characterize the S. mutans locus where the rfbA homolog locates, the upstream and downstream regions of the cloned gene were recovered from chromosomal DNA of S. mutans Xc. Briefly, pResEmNot (48) linearized with NotI was inserted into the unique SacII site on the insert fragment of pYT1. The resultant plasmid was digested with BssHII, and the insert fragment was introduced into the chromosome of strain Xc by a double crossover recombination. The appropriate insertion of pResEmNot into chromosomal DNA was confirmed by Southern blot analysis of EcoRI digests, and the resultant transformant was designated strain Xc21. The upstream and downstream regions of the sequenced region were recovered from the chromosome of strain Xc21 by marker rescue methods (32) consisting of XbaI digestion and self-ligation (for the upstream region) and EcoRI digestion and self-ligation (for the downstream region). The resultant plasmid carrying the upstream region was designated pYT2, and the plasmid carrying the downstream region was designated pYT3.
Nucleotide sequence analysis of the recovered regions revealed the presence of nine open reading frames (ORFs).
Their locations, extents, and directions are shown in Fig. 1 . The first ORF encoded a truncated protein which showed 41% identity with the carboxyl-terminal end of the metA gene product, a homoserine trans-succinylase of E. coli (8) . The amino acid sequences deduced from the fifth, sixth, and seventh ORFs demonstrated significant homology to the rfbA, rfbD, and rfbB gene products, respectively, which are involved in the dTDP-rhamnose synthesis pathway in gram-negative bacteria (15, 19, 25, 40, 42) . Recently, the rml designation has been proposed for the genes involved in dTDP-L-rhamnose synthesis and the C and D in the last letter of the previous gene names have been changed to the D and C, respectively, in a new bacterial polysaccharide gene nomenclature scheme (43) . Therefore, these three genes were designated rmlA, rmlC, and rmlB (Fig. 1) . The eighth ORF encoded a protein which exhibited 69.6% identity with the Streptococcus pneumoniae MutX protein, which is involved in antimutagenic action (27) . The last one was an incomplete ORF. No proteins homologous to the predicted gene products of the other ORFs were identified in the PIR and SwissProt protein databases.
The region downstream of ORF3 contained an inverted repeat structure (positions 2473 to 2501) followed by a polyT sequence, which might act as a transcription terminator for ORF3. A promoter-like sequence, ATGATA-N 14 -TATAAA, exists between positions 2746 and 2772. The rmlA gene was preceded by a putative 5Ј-AGGA-3Ј ribosome binding site located 8 bp in front of the initiation codon found at nucleotide position 2792. The predicted translational product of rmlA is a protein of 289 amino acids with a molecular weight of 32,293. The rmlC gene started 1 bp behind the TAA stop codon of the rmlA gene and was preceded by a typical ribosome binding sequence, 5Ј-GGAG-3Ј, located 6 bp in front of the ATG initiation codon. The translational product predicted for the rmlC gene is a protein of 197 amino acids with a molecular weight of 22,250. The rmlB gene was separated from the rmlC gene by a long intergenic region of 628 bp. Two inverted repeat structures (positions 4741 to 4770 and positions 4852 to 4865) were observed near the rmlB gene in the intergenic region. On the other hand, a putative promoter sequence for the rmlB gene was not identified in this region. Although no potential ribosome binding site for the rmlB gene was found in front of the ATG initiation codon at nucleotide position 4888, other potential start codons for the ORF were not observed. The translational product predicted for the rmlB gene is a protein of 348 amino acids with a molecular weight of 39,248.
The amino acid sequences deduced from the rmlA, rmlB, and rmlC genes are compared with those from the equivalent rfb genes of Salmonella typhimurium, Shigella flexneri, and X. campestris (Table 3 ). The rmlA gene product showed strong sequence identity with the rfbA gene products of all three gram-negative bacteria. Sequence similarities between the rmlB gene product and the rfbB gene products were lower than those between the rmlA gene product and the rfbA gene products. Much lower similarities were observed between the rmlC gene product and the rfbD gene products of gram-negative bacteria.
Enzymatic activity of the rml gene products. To characterize the gene products of the rml genes, the three rml genes, rmlA, rmlB, and rmlC, of S. mutans and rfbC of Shigella flexneri were cloned individually into pBluescriptII KS ϩ . The plasmids were introduced into strain S874, and the gene products were extracted from the transformants of strain S874 ( Table 1) .
The activity of glucose-1-phosphate thymidylyltransferase which catalyzes the formation of dTDP-D-glucose from D-glucose-1-phosphate and dTTP was detected by an HPLC assay. The enzyme preparation from KD101 (rmlA) showed a specific activity of 8.2 Ϯ 0.5 U/mg of protein (mean Ϯ standard deviation), which was significantly higher than the activity (0.14 Ϯ 0.04 U/mg of protein) of the cell extract from KD100 (pBluescriptII KS ϩ ). The specific activity of dTDP-D-glucose 4,6-dehydratase and the activity to produce dTDP-L-rhamnose from dTDP-4-keto-6-deoxy-D-glucose were assayed by spectrophotometric methods. The enzyme preparation from KD102 (rmlB) showed a specific activity (120 Ϯ 11 mU/mg of protein) of dTDP-D-glucose 4,6-dehydratase, whereas the activity of the enzyme preparation from KD100 used as a control was extremely low (Ͻ1 mU/mg of protein). We used the enzyme preparation of KD204 expressing the rfbC gene of Shigella flexneri because the gene equivalent to the rfbC gene was not found in the cloned locus of S. mutans. The reaction mixture containing both the enzyme extracts from KD103 (rmlC) and KD204 (rfbC) showed a strong activity (23.1 Ϯ 3.4 U/mg of protein) to convert dTDP-4-keto-6-deoxy-D-glucose into dTDP-rhamnose as compared with the cell extract from KD100 (Ͻ0.1 U/mg of protein). On the other hand, the conversion activity of the enzyme extract from KD103 cells (Ͻ0.1 U/mg of protein) or that from KD204 alone (Ͻ0.1 U/mg of protein) was almost at the same level as that of the cell extract from KD100.
The conversion of dTDP-D-glucose to dTDP-L-rhamnose was confirmed by use of an HPLC equipped with a fluorescence detector. The reaction mixture (500 l) containing the enzyme extract (120 mU) from KD102 and the enzyme extracts (50 g of protein of each extract) from KD103 and KD204 was incubated at 37ЊC for 0, 15, and 30 min and was hydrolyzed with 0.05 M HCl after termination of the enzymatic reaction. The sugar part of the nucleotide sugars in the reaction mixture was coupled with 2-aminopyridine, and the pyridylamino sugars were analyzed by HPLC. The reaction mixture of the enzyme extracts from KD102, KD103, and KD204 showed distinct activity in the production of dTDP-L-rhamnose from dTDP-D-glucose, whereas the reaction mixture of the enzyme extracts from KD102 and KD103 did not show such activity (data not shown). Furthermore, the synthesis of dTDP-L-rhamnose from dTTP and ␣-D-glucose-1-phosphate in the reaction mixture (200 l) containing the enzyme extract (200 g of protein) from KD105 expressing simultaneously all three rml genes was evaluated by the HPLC method as described above. The reaction mixtures of the enzyme extract from KD105 synthesized dTDP-L-rhamnose when the enzyme extract from KD204 was added. However, the enzyme extract from KD105 did not show any ability to produce dTDP-L-rhamnose from dTTP and ␣-D-glucose-1-phosphate in the absence of the enzyme extract from KD204 (data not shown).
Characterization of the rml gene function in S. mutans. To analyze the function of the rml genes in S. mutans, the rml genes and the neighboring genes were insertionally inactivated. The rmlC gene of the mutant strain Xc21 was inactivated as described above. ORF3, rmlA, rmlB, and mutX were insertionally inactivated by use of the respective gene fragments (Table  2) interrupted by pResEmNot at the restriction sites indicated in Fig. 1 , and the resultant mutant strains were designated Xc22, Xc23, Xc24, and Xc25, respectively. The appropriate insertions of pResEmNot in ORF3 and the other genes were confirmed by Southern blot analysis of XbaI digests and EcoRI digests, respectively (data not shown). The Rantz-Randall extracts from strain Xc and the mutant strains were analyzed by immunodiffusion with serotype c-specific antiserum (Fig. 2) . The serotype c-specific antiserum reacted with the extracts from strains Xc, Xc22, and Xc25, whereas the antiserum did not react with the extracts from Xc21, Xc23, and Xc24 ( Fig.  2A) . Serotype specificity of the antiserum was confirmed with the serotype c antigen purified from S. mutans MT8148 and Rantz-Randall extracts from strains MT8148, MT703 (serotype e), and OMZ175 (serotype f) (Fig. 2B) .
The sugar compositions of the cell wall preparations isolated from strain Xc and the five mutant strains were analyzed by HPLC and colorimetric methods ( Table 4 ). The ratio of rhamnose to glucose in the cell wall preparations from the mutant strains Xc22 and Xc25 was nearly 2 and was similar to that in the preparation from strain Xc. On the contrary, rhamnose was not detected in the cell wall preparations from the mutant strains Xc21, Xc23, and Xc24. Although glucose was still detected in the rml-inactivated mutant strains, the amount of glucose in these mutants was less than one-fifth of that in strain Xc. I  II  III  I  II  III  I  II  III   RmlA  68  64  62  RmlB  39  40  38  RmlC  21  19  24 a Percentage of identical amino acids over length of the protein sequence based on CLUSTAL V alignment. I, Salmonella typhimurium LT2 Rfb proteins (15, 42) ; II, Shigella flexneri 2a Rfb proteins (40); III, X. campestris B100 Rfb proteins (19) .
Southern blot analysis.
We investigated the occurrence of rmlA-, rfbA-, rmlB-, and rmlC-specific hybridization signals in the chromosomal DNA of various bacterial species. Specific signals for rmlA were obviously observed in all tested streptococci and Eubacterium limosum (Fig. 3A) . Interestingly, weaker signals were detected not only in other gram-positive bacteria such as Enterococcus faecalis and Lactobacillus casei but also in gram-negative bacteria such as P. gingivalis, A. actinomycetemcomitans, Salmonella typhimurium, and Shigella flexneri (Fig. 3A) . However, the signals for rmlA were not detected in other gram-positive bacteria such as B. subtilis, Staphylococcus aureus, Micrococcus luteus, Mycobacterium smegmatis, C. bifermentans and Listeria monocytogenes (Fig.  3A) . Furthermore, in addition to the species mentioned above, no signal for rmlA was found in B. cereus, B. megaterium, Staphylococcus capitis, Staphylococcus intermedius, Micrococcus lylae, or Micrococcus varians (data not shown). On the other hand, strong signals for rfbA were found in some Streptococcus species (S. mutans, S. cricetus, S. rattus, S. salivarius, S. milleri, S. mitor, and S. pyogenes) as well as the gram-negative bacteria P. gingivalis, A. actinomycetemcomitans, E. coli, Salmonella typhimurium, and Shigella flexneri (Fig. 3B) .
Signals for rmlB and rmlC were obviously found in all of the Streptococcus species except for S. mitor ( Fig. 3C and D) . While a weaker signal for rmlB was found in Lactobacillus casei (Fig. 3C) , no signals for either of the genes were detected in other gram-positive bacteria and five species of gram-negative bacteria, i.e., P. gingivalis, A. actinomycetemcomitans, E. coli, Salmonella typhimurium, and Shigella flexneri (data not shown).
DISCUSSION
In the present study, we have determined the structure and function of the rml locus of S. mutans. Sequence analysis identified three rml genes exhibiting significant homology to proteins involved in the biosynthesis of dTDP-rhamnose, the immediate precursor of the rhamnose component in the O antigen of lipopolysaccharide in gram-negative bacteria. In gram-negative bacteria, the dTDP-rhamnose pathway (Fig. 4) is considered to consist of four enzymes catalyzing the reaction sequence from D-glucose-1-phosphate to dTDP-L-rhamnose through three intermediates, and the rfbA, rfbB, rfbC, and rfbD genes for the four enzymes have been identified in gramnegative bacteria (15, 19, 25, 40, 42) .
The first enzyme encoded by the rfbA gene is glucose-1-phosphate thymidylyltransferase, and the rmlA gene product of S. mutans showed a high degree of amino acid sequence identity with the rfbA gene products of gram-negative bacteria ( Table 3 ). The enzyme extract from KD101 expressing the rmlA gene exhibited significant glucose-1-phosphate thymidylyltransferase activity, suggesting that the rmlA gene encodes the glucose-1-phosphate thymidylyltransferase of S. mutans. The second enzyme encoded by the rfbB gene is dTDP-Dglucose 4,6-dehydratase. Significant dTDP-D-glucose 4,6-dehydratase activity was detected in the enzyme extract from KD102. Recently, it was found that the rffG and rffH genes encode glucose-1-phosphate thymidylyltransferase and dTDPglucose dehydratase activities, respectively (26) . It is possible that the ⌬rfb strain S874 might retain residual activity. However, each of the background activities was low enough to evaluate the enzyme activities. Although the rmlB gene of S. mutans had no potential ribosome binding site, an NAD-binding motif at the amino-terminal end, which is a typical feature of the rfbB and rfbC gene products (25) , was observed at an appropriate distance from the initiation codon of the deduced amino acid sequence. The phenotypes of the mutant strain Xc24 (Fig. 2 and Table 4 ) confirmed that the rmlB gene is actually translated and functions in S. mutans.
The last two steps were catalyzed by dTDP-4-keto-6-deoxy-D-glucose 3,5-epimerase and dTDP-4-keto-L-rhamnose reductase, which had been assigned to the rfbC gene product and the rfbD gene product, respectively (15, 42) . Recently, the rfbC gene product has been addressed to be dTDP-4-keto-L-rhamnose reductase, the last enzyme of the pathway, on the basis of the fact that dTDP-4-keto-L-rhamnose reductase requires NADPH as a cofactor and the NAD-binding domain is present at the amino-terminal end of the rfbC gene product (25) . The rmlC gene product of S. mutans had no NAD-binding motif at the amino-terminal end. The homologies of the rmlC gene product with the rfbD gene products from gram-negative bacteria were lower than those of the rmlA and rmlB gene products with the rfbA and rfbB gene products (Table 3) . However, the enzyme extract from KD103 expressing the rmlC gene exhibited overall activity to produce dTDP-L-rhamnose from dTDP-4-keto-6-deoxy-D-glucose cooperating with the enzyme extract from KD204 expressing the rfbC gene of Shigella flexneri (see "Enzymatic activity of the rml gene products" above). It is possible that the RmlC protein acts as dTDP-4-keto-6-deoxy-D-glucose 3,5-epimerase (Fig. 4) .
The gene corresponding to rfbC in gram-negative bacteria was not found in the rml locus of S. mutans. Recently, the gene cluster encoding the dTDP-6-deoxy-L-altrose pathway was isolated from the chromosomal DNA of Yersinia enterocolitica (56) . Deoxy-L-altrose and rhamnose are C3 epimers, suggesting that the dTDP-6-deoxy-L-altrose pathway is a pathway analogous to the dTDP-rhamnose pathway. While the rfbA, rfbC, and rfbD gene homologs are located in the gene cluster of the dTDP-6-deoxy-L-altrose synthesis pathway in Y. enterocolitica, there are only traces of the ancestral rfbB gene homolog in the organism. Transposon insertions in the cluster performed by Zhang et al. (56) revealed that each of the three rfb gene homologs is essential for O-antigen synthesis. However, there is no information regarding a substitution for the rfbB gene homolog in Y. enterocolitica. This finding is similar to the absence of the rfbC gene homolog in the rml locus of S. mutans in our study. In gram-negative bacteria, the genes involved in the biosynthesis of the O-antigen unit of lipopolysaccharide generally locate in the rfb gene cluster together with genes encoding transferases that transfer the sugar part of the nucleotide sugars to oligosaccharides, and the clusters comprise a chromosomal region larger than 15 kb. On the other hand, the rml locus in S. mutans is only a 3-kb chromosomal region consisting of the three genes. The rfbC gene homolog might exist in a region outside the sequenced area in company with the genes related to a carbohydrate metabolism other than the dTDP-L-rhamnose synthesis. Alternatively, only three gene (23, 39) . Insertional inactivation of the rml genes of S. mutans clearly demonstrated that the rml gene locus, at least the rmlB gene, was indispensable to the biosynthesis of the serotype c-specific antigen of S. mutans ( Fig. 2 and Table 4 ). The enzymatic activities of the rmlA, rmlB, and rmlC gene products and the deficiency of rhamnose in the cell wall preparations isolated from the rml gene mutants (Table 4) suggest that the rml genes in S. mutans are involved in the dTDP-L-rhamnose synthesis and that dTDP-L-rhamnose is an immediate precursor of the rhamnose moieties of serotype c-specific antigen.
The GϩC content of the rfb gene cluster of Salmonella typhimurium is lower than that of chromosomal DNA, suggesting that the gene cluster might be transferred from an ancestral species with a low GϩC content (53) . The rml genes of S. mutans also have a low GϩC content of 0.40 to 0.43. However, there was no considerable difference in GϩC content between the rml genes and the adjacent genes (Fig. 1) , because S. mutans is a low-GϩC species (with a GϩC content of 0.36 to 0.38) (4).
Southern blot analyses of various gram-positive bacteria with the rmlA gene of S. mutans and the rfbA gene of Shigella flexneri as probes suggest that the well-conserved rmlA-like genes might exist in some species of streptococci in addition to gram-negative bacteria. It is interesting that the rmlA gene and rfbA gene are well conserved although these two genes are not essential for cell viability. On the other hand, genes highly homologous to the rmlA gene are found in all species of the tested streptococci and Eubacterium limosum but not in other gram-positive bacteria. Lactobacillus species (17, 31) , Bacillus species (18), Eubacterium limosum (47) , and Listeria monocytogenes (12) have been reported to possess rhamnose in cell wall polysaccharides, and the biosynthesis genes for rhamnose moiety in these bacteria might have considerably low homology with the genes in S. mutans and Shigella flexneri. We found that most of the tested streptococci possess the genes homologous to not only the rmlA gene but also both the rmlB and rmlC genes. It seems that these homologous genes play a part in dTDP-rhamnose synthesis and subsequently in the supplement of rhamnose in cell wall polysaccharides of other streptococci as well as the rml genes of S. mutans do.
